The need for green materials has driven interest in the preparation of rigid polyurethane foam (PUF) from various biomass types. The present study aims at increasing bio-based content by utilizing by-products from both the pulp and paper and biodiesel industries. Bio-based polyols from respective liquefaction of kraft lignin, organosolv lignin and lignosulphonate in crude glycerol were employed to prepare rigid PUFs. The highest foam compressive strength was 345 kPa with density 79 kg m À3 ; thermal conductivity was 0.039 W m À1 K À1 and the corresponding material had 44 wt% renewable content. Thermal characteristics and biodegradability were also evaluated. Technical lignin type was found to determine product properties to a large extent. Based on the use of existing industrial scale by-products in this study, the findings can be beneficial for present and future biorefineries in the valorization of lower value by-product streams.
Introduction
There have been many efforts and progress in the preparation of rigid polyurethane foams (PUFs) from bio-based polyols (biopolyols) in an attempt to increase their renewable content. This is due to a global move towards limiting dependence on crude oil and addressing environmental concerns. [1] [2] [3] Rigid PUF specifically is employed as insulation material which lowers energy consumption, a further drive for its increased use and development. 4 Apart from vegetable oil-based polyols 5 there has also been a focus on deriving biopolyols from agricultural and forestry residues. Such residues, however, contain various valuable compounds such as cellulose, hemicellulose and terpenes, and therefore some studies have also focused on utilizing only the lignin fraction, which is widely studied as a renewable and sustainable feedstock for biofuels, chemicals and materials. 1, 2, 6 Lignin (€300-1200 ton -1 , higher purity) 7, 8 is currently produced globally at industrial scale as a by-product in the pulp and paper industry. 3, 9 Lignin has been used in its isolated form as a biopolyol to prepare polyurethane, 3, 10 but is often modified to improve reactivity and the properties of the polyurethane product. Biomass liquefaction in petroleum-derived reagents such as polyethylene glycol (PEG) and diethylene glycol or oxypropylation with propylene oxide is most often used as effective modification strategies, and the resulting rigid PUFs were reported to possess acceptable properties. 2, 10 The use of 'green' modification reagents such as crude glycerol or bio-butanediol to further increase the final product's bio-based content has also been explored. 2, 11 Crude glycerol, a major by-product from the biodiesel industry, is actively being studied as a low-cost feedstock (recent prices of €225-390 ton À1 at 80 wt% glycerol) 12, 13 for renewables. 14 Biodiesel production from a source such as waste cooking oil yields crude glycerol as a sustainable feedstock. 15 Polyurethane preparation with biopolyols derived from both lignin-rich material and crude glycerol has only recently been reported by Lee et al. 16 and Kim et al. 17 who liquefied saccharification residues of empty fruit bunches and sunflower stalks in crude glycerol, respectively. In a previous study, the reaction of biopolyols, prepared from unrefined crude glycerol and industrial technical lignins, with diisocyanate was confirmed to form polyurethane. 18 The preparation and characterization of rigid PUF from the said type of biopolyols has not otherwise been reported.
Therefore, this work aimed to use biopolyols derived from crude glycerol and technical lignins 19 to prepare rigid PUFs intended for insulation applications. Crude glycerol composition varies greatly, and here unrefined crude glycerol, about 25 wt% glycerol content, was used to limit upstream purification costs in a biorefinery context. Lignin type was expected to affect foam properties. 20, 21 Therefore, two major technical lignin types from the pulp and paper industry, kraft lignin (KL) and lignosulphonate (LS), 3, 6 were selected, as well as a lignin extracted from a major grass crop residue (sugarcane bagasse) by an organosolv method, intended as representative of a cellulosic biorefinery by-product. The ultimate goal is to increase the economic feasibility of biorefineries.
The biopolyols were used as the sole polyol component in order to maximize the renewable content of the PUFs. Material properties relevant to rigid foam insulation were investigated and included compressive strength, density, thermal conductivity and closed cell content. The three foams were compared in terms of microstructure through the use of scanning electron microscopy (SEM), as well as thermal behaviour through thermogravimetry (TG) and dynamic mechanical analysis (DMA). Degradation of polyurethane in the environment is slow with limited literature available on its biodegradability. 22, 23 Both crude glycerol and lignin incorporation have been reported to effect degradation of polyurethane. 22, 24, 25 Biodegradability in soil was therefore evaluated by carbon dioxide (CO 2 ) evolution, SEM and Fourier-transform infrared (FTIR) spectroscopy.
Experimental

Materials
As previously reported, organosolv lignin (OL) was extracted from sugarcane bagasse (kindly supplied by Tsb Sugar RSA (Malalane, South Africa, 24.4833 S, 31.5167 E)) according to a method reported by Xu et al. 26 employing a mixture of acetic acid, formic acid and water. Lignin extraction and crude glycerol preparation through potassium hydroxide (KOH) catalysed transesterification of sunflower oil and ethanol were previously described. 27 Hardwood calcium LS was kindly donated by Sappi Technology Centre from Sappi's Saiccor Mill (Umkomaas, South Africa, 30.2010 S, 30.7940 E). Softwood KL, PEG of average molecular weight 400 g mol À1 , sulphuric acid (H 2 SO 4 ; 98 wt%), hydrochloric acid (HCl; 37 wt%), KOH (0.5 mol dm À3 ) and diammonium hydrogen phosphate were obtained from Sigma-Aldrich (Kempton Park, South Africa). Diphenylmethane-4,4 0 -diisocyanate (MDI), Desmodur 44V20 L, was kindly donated by Bayer Material Science (Isando, South Africa). Catalysts and surfactants for polyurethane preparation were kindly donated by Air Products (Kempton Park, South Africa). Aspergillus ATCC 16404 was obtained from Quantum Biotechnologies (Randburg, South Africa). Soluble starch was bought from Associated Chemical Enterprises (Johannesburg, South Africa). All chemicals were of reagent grade or higher and used as received. Commercial polyester-polyether polyol-based rigid PUF insulation was kindly donated by Rigifoam (Benoni, South Africa) to serve as representative of petroleumderived PUF.
Preparations
The preparation and characterization of the biopolyols have previously been reported. 19 In short, crude glycerol, adjusted to pH 8 with 98 wt% H 2 SO 4 , was heated to 160 C in a glass reactor open to atmosphere. The respective lignins were then added at a weight ratio 9:1 (crude glycerol: lignin). Reactions were performed for 90 min under magnetic stirring, where after products were immediately cooled to room temperature. The respective products are referred to as biopolyols and were used without further processing. The hydroxyl numbers of the biopolyols were determined according to the standard method, ASTM D4274-11 method D. 28 The rigid PUF formulations are shown in Table 1 . [29] [30] [31] Polyol, catalysts, surfactant and water were premixed in a beaker at 6000 r min À1 for 15-20 s with a hand blender. The required amount of diisocyanate (MDI) was weighed off into the mixture and it was similarly stirred for 10-15 s. The PUF was left to rise and cure for at least 24 h before being removed from the beaker. A mixture of PEG and glycerol was used as a polyether polyol to prepare rigid PUF employed as representative of petroleum-derived PUF during part of the biodegradability study discussed below.
PUF characterization
SEM micrographs of the different PUFs were taken with an FEI Quanta 250 FEG Environmental SEM (Hillsboro, Oregon, USA). Samples were cut with a scalpel. Spectra of gold/palladium sputter-coated PUF samples were recorded at an acceleration voltage of 5 kV under high vacuum.
The compressive strength of the PUFs was determined according to a standard method, ASTM D1621-10, 32 on a custom-built compression testing instrument. Cubic samples with side dimensions approximately 55 mm were prepared and weighed in order to determine apparent density before testing. The movable member speed was set at 2. Thermal conductivity measurements were done on a Hot Disk TPS 500 (Gothenburg, Sweden) thermal constant analyser employing the Kapton 5501 sensor with radius 6.4 mm. Each sample consisted of two halves, each with dimensions: diameter 70 mm, height 15 mm. Three measurements were averaged for each sample. The laboratory was maintained at 24 C. TG was performed on a Mettler Toledo TGA/SDTA851e (Greifensee, Switzerland). Crushed samples of approximately 5 mg were analysed under nitrogen flow of 100 mL min À1 , heated in sealed aluminium pans from 25 C to 600 C at 10 C min À1 . Differential TG (DTG) curves were calculated from the TG data.
DMA was performed on a PerkinElmer Diamond DMA (Waltham, Massachusetts, USA). Measurements (duplicate) were performed in compression mode at 1 Hz frequency, with temperature ramps of 3 C min À1 and initial force of 2.5 N. Sample height was 3 mm and diameter 10 mm.
PUF biodegradability evaluation
CO 2 evolution was evaluated in soil. Briefly, biodegradability of biopolyol-based PUF (KL PUF) was compared to that of petroleum-derived PUF (Rigifoam, polyester-polyether polyol-based) through a standard test method, ASTM D5988-12. 33 Fertile soil was collected from various locations on a farm (Warden, South Africa, s27
43.408 0 e028 52.481 0 ). The test setup consisted of desiccators each filled with 500 g soil (adjusted to 28.8 wt% moisture, Online Supplemental Material). PUF and starch (control) sample sizes were adjusted to consist of 1000 mg carbon taking into account the material elemental compositions. The soil was inoculated with Aspergillus (ATCC 16404) sporal suspension to obtain approximately 100,000 spores g À1 soil according to Amaral et al. 24 PUF samples in the form of cubes with sides approximately 3 mm or starch were mixed into the soil. Two glass beakers, one containing 20 mL of 0.5 mol dm À3 KOH solution and the other 50 mL deionized water, were placed above the soil surface on a perforated plate in each desiccator. The desiccators were sealed with vacuum grease and kept in a laboratory maintained at 22 C. The quantity of CO 2 evolved in each desiccator was determined by periodic titration of the KOH solutions with 0.25 mol dm À3 HCl solution to a phenolphthalein endpoint. The test consisted of three desiccators for each of the following: biopolyol PUF, petroleum-derived PUF, starch control, blank soil samples and technical control samples (containing no soil or samples). Further details can be found in the Online Supplemental Material.
A Shimadzu (Kyoto, Japan) IRAffinity-1 FTIR spectrometer fitted with a PIKE Technologies (Madison, Wisconsin, USA) EasiDiff accessory was used to record diffuse reflectance spectra in a potassium bromide matrix. Transmittance spectra were recorded between 4000 and 400 cm À1 , at 4 cm À1 resolution with 45 scans. Samples taken from the soil were washed with water and dried before being powdered with a pestle and mortar. The more flexible PEG/glycerol PUF was not powdered, but analysed by attenuated total reflectance (ATR) FTIR spectroscopy on a Bruker (Madison, Wisconsin, USA) VERTEX 80 spectrometer, fitted with a diamond ATR accessory -32 scans were recorded at 4 cm À1 resolution, between 4000 and 400 cm À1 . Comparison of the spectra was based on the intensity of the absorption band at 1413 cm À1 , assigned to the MDI phenyl C¼C. These are considered to be the bonds found in the PUFs that are the most resistant to degradation. 22 
Results and discussion
PUF preparation
The hydroxyl numbers of the KL, OL and LS-based biopolyols were previously found to be 412 + 27, 224 + 10 and 592 + 18 mg g À1 KOH, respectively. 27 Further details of the crude glycerol and biopolyol compositions are given in Online Supplemental Table S1 and Figure S1 , as reported previously. 19 Subsequently, the biopolyols were used to prepare PUFs. The fracture-surface microstructures of the resulting PUFs are shown in Figure 1 . The KL biopolyol-based PUF (KL PUF) structure most closely resembles that of polyurethane aerogels. 34 A porous network of polymer microparticles is visible. The OL PUF structure is similar but the particles appear larger. The LS PUF structure does not show particles at this scale, rather the surface appear smooth with a large number of small holes. Chidambareswarapattar et al. 34 found that polyurethane aerogel particle size, porosity and interparticle connectivity, which affect material properties, were dependent on monomer size, functional group density (hydroxyl groups per aromatic ring) and molecular functionality (hydroxyl groups per monomer). Their polyurethane aerogel network consisted of primary particles which assembled into secondary particles which then aggregated to form the mass-fractal agglomerates which made up the network. Since the lignins and lignin-based biopolyols each differ in terms of the three properties given above, it is expected that when used to prepare polyurethanes, the resulting microstructures would differ. The size of microparticles in polyurethane aerogel networks is determined by the degree of phase separation due to differences in solubility of the monomers and products. 35 Lower solubility leads to smaller primary particles, whereas higher solubility leads to less phase separation and subsequent larger particles. In the latter case, excess monomer in solution bind on the surface of the primary particle aggregates to eliminate mesoporosity and gives the appearance of a smooth polymer covering over an underlying network of 'fused particles'. 34 The formulations of the respective PUFs differed in the weight of isocyanate used relative to the polyol component, because of the variation in hydroxyl number, which should have affected the phase separation. Grunbauer and Folmer 36 illustrated that when the isocyanate index of rigid PUF increased there was a morphology transition from surface fractal to mass fractal (due to increased phase segregation) with the effect that surface roughness of the phase boundaries decreased to yield smoother surfaces. Ignat et al. 22 blended lignin into polyurethane elastomers and found that the surface porosity and granulation increased. Based on the above discussion, the smaller particle size visible in the KL PUF might be as a result of the original KL which had the highest phenolic hydroxyl group content and thus the highest functional group density which could translate into faster phase separation. 34 The absence of visible particles in the LS PUF microstructure is likely due to the higher isocyanate content used, based on the higher hydroxyl number of the LS biopolyol, resulting in a smoother surface as described by Grunbauer and Folmer. 36 The lower hydroxyl number of the OL biopolyol might have led to delayed phase separation resulting in the larger particles seen. It would be a combination of parameters leading to the final microstructure of the respective PUFs, including biopolyol molecular mass.
Material properties
A comparison of the PUFs' morphology is shown in Figure 2 . Similarly the specific compressive strength values (Table 2 ) differ significantly among the PUFs. In terms of desirable cell structure, the PUFs deteriorate in the order KL > OL > LS, with the LS PUF exhibiting highly irregular cell shapes and sizes with thicker cell walls. Regular cell shapes of smaller sizes impart higher strength as do thicker cell walls. 37, 38 It appears that the gel formation in the case of the LS biopolyol with MDI was less balanced with the foaming reaction than it was for the other biopolyols. A low rate of gel formation would cause MDI to react with water to produce excess CO 2 and urea at a too early stage, which would lead to irregular open cells with thicker walls and a higher apparent foam density. 30, 39 The LS PUF, however, presents a higher specific compressive strength than the OL PUF. The LS biopolyol had a significantly higher hydroxyl number, enabling higher cross-link density which imparts strength. [40] [41] [42] Increased urea content can also increase stiffness. 37, 43 Excessive cross-linking due to a too high hydroxyl number can, however, cause an irregular cell structure. 44 Conversely, the OL biopolyol had the lowest hydroxyl number. The biopolyols further differed in composition with the LS biopolyol having the lowest monoacylglycerol (MAG) content and the highest glycerol content (Online Supplemental Figure S1 ). MAG acts as a chain extender which lowers crosslinking density, 44 while unreactive dangling fatty acid chains of MAG, diacylglycerol and fatty acid ethyl esters (FAEE) lower compressive strength, acting as plasticizers. 31 The superior specific compressive strength of the KL PUF is attributed to a combined effect of its more regular and smaller cell shapes, microstructure, high cross-link density and lignin-specific properties such as molecular mass, since various types of lignin have been found to perform differently in polyurethane systems. 45, 46 The values of compressive strength and density reported for biomass-based PUFs range widely, for example, 40-400 kPa and 10-80 kg m À3 for foams derived from bark, bamboo, wood, lignin-molasses and crude glycerol-castor oil, respectively. 47, 48 Commercial products can have compressive strength as low as 100 kPa, depending on the application. Density for insulation varies, normally 30-45 kg m À3 , but can also be higher. 49, 50 The thermal conductivities of the prepared PUFs ( Table 2 ) are above that of some commercial polyurethane products, 0.022-0.040 W m À1 K À1 , but within the range of values reported for the many available conventional and alternative insulation materials. 4, 50, 51 Heat transfer in PUFs occurs through conduction, radiation and convection. 49, 52, 53 Conduction and radiation contribute most and are dependent on the cellular structure. Closed cells are desirable to lower conduction through the gas phase by separating cells and retaining low conductivity blowing agents in the cells, such as CO 2 , while limiting air ingress. 49, 54 Conduction in the solid phase is lowered by decreased density. 49 Heat flow by radiation is lowered by higher density, a decrease in cell size and higher proportion closed cells. 49, 52, 53, 55 Based on the aforementioned, the higher thermal conductivity of the LS PUF was caused by its irregular structure (Figure 2) , with larger and fewer cells, thick cell walls and corresponding higher density. 56 The KL PUF has a lower density, smaller cell sizes with a corresponding higher number of cells and therefore the lowest thermal conductivity. The foams however exhibit a fully open cell structure, which increases thermal conductivity as mentioned ( Table 2) . Formation of closed cells can be controlled by surfactant optimization, [57] [58] [59] as well as through balancing the blowing rate. 49, 54 In this regard, rigid PUF made in part from biopolyols has been reported to yield inferior cell structures compared to conventional petroleumderived polyols, when used at higher substitution levels. That includes biopolyols derived from lignin, crude glycerol, crude glycerol-castor oil, soy oil-castor oil, sawdust and bark (1-4% closed cells) while substituting 50-100 wt% of conventional polyols in the respective PUF formulations. 47, 48, 56, [60] [61] [62] Low reactivity, limited flexibility due to shorter chain lengths and lower functionality were suggested as causes for lower quality structures, and the introduction of chain extenders, such as PEG or ricinoleic acid from castor oil, into the biopolyols are examples of proposed improvement strategies.
48,61
Thermal characteristics
The TG and DTG curves of the prepared PUFs are shown in Figure 3 . The LS PUF showed higher initial weight loss than the KL PUF and OL PUF from about 90 C. This is close to a peak in the loss modulus seen with DMA (Figure 4) , discussed below.
In this temperature range, weight loss is associated with escape of volatiles or moisture. [63] [64] [65] Onset of significant weight loss (5 wt%) appeared earliest in the KL PUF (Table 3) . Lignin degradation onset has been reported around 180 C by some, but it is also known to degrade over a wide range of temperatures. 30, 66 Urethane bond dissociation presents the initial stages of polyurethane thermal degradation and is reported to degrade even up to 360 C, but more often below 250 C. 63, 65, 66 The KL had a higher content of phenolic hydroxyl groups (Online Supplemental  Table S2 ) which form less stable urethane bonds than aliphatic hydroxyl groups, which were predominant in the OL and LS. 63, 67 In the range 280-350 C, the rate of weight loss in the KL PUF was lower than in the other materials (DTG). Once the more labile urethane bonds were broken, a lower rate in the KL PUF due to a higher thermal stability in the remaining urethane network caused by higher cross-link density or a differing biopolyol structure was possible. 63 A peak at 244 C, possibly urethane, is present in the KL PUF's DTG curve. The OL PUF shows a maximum around 339 C in the DTG curve. Wang et al. 66 reported lignin C-C bond degradation in this area. Peaks in the KL PUF and LS PUF appear later around 380 C. Urea degradation is also reported over a wide range of 250-320 C. 44, 63 The maximum rate of degradation occurred similarly around 450-460 C in all three materials, attributed to fatty acid ester chains of the biopolyols and possibly intermediate degradation products. 44, 63, 65 The final char residues of the PUFs increased in the order OL < KL < LS, corresponding with the increasing weight percentage MDI (based on hydroxyl number) in the formulations of the respective PUFs. MDI increases aromaticity in PUFs. 68 The TG profiles indicate that the three materials differ in certain regions, but all have thermal stabilities comparable to reported values of rigid PUF prepared from either petroleumderived or bio-based polyols.
In Figure 4 , the loss modulus (E 00 ) of the LS PUF shows a peak at about 71 C with a corresponding change in slope in the storage modulus (E 0 ), which indicates a transition. 47 ,69 Javni et al. 70 reported glass transition temperatures (T G ) in polyisocyanurate foam in this region, but T G were highly dependent on isocyanate index and polyol type. Li et al. 44 assigned a transition at 85 C to enthalpy relaxation of urea hard segments in crude glycerol-based PUF. The LS PUF has a higher E 0 than the other materials, caused by the higher hydroxyl number of the LS biopolyol which should lead to a higher cross-link density, 41, 47, 71 and required more MDI which can also increase isocyanurate formation and stiffness. 72 The E 00 of the KL PUF and OL PUF shows peaks at 141 C and 122 C, respectively, likely indicating the start of glass transitions with a corresponding drop in E 0 and rise in tan d (¼ E 00 /E 0 ) which follows. The LS PUF does not show similar changes in E 0 and tan d in this region and remains more stable. The highly rigid LS PUF might have undergone collapse of cells during testing at increased temperatures which could have caused anomalies in the DMA results. 73 From the DMA results, it can be concluded that the KL PUF shows slightly higher resistance to transition and rigidity than the OL PUF, likely due to higher functionality in the KL biopolyol, while the LS PUF exhibits substantially increased rigidity. The behaviour was similar to that of bio-based rigid PUFs reported by others. 47, 68, 71 PUF biodegradability evaluation CO 2 evolution. The results of the biodegradability evaluation by means of CO 2 evolution during soil incubation are shown in Figures 5 and 6 and Online Supplemental Figure S2 .
The rates of CO 2 evolution in the biopolyol-based PUF (KL PUF) and starch samples were higher than for the petroleum-derived PUF (polyester-polyether polyol) and soil samples during the initial phase of the experiment. After the first measurement the rates lowered and from about 50 days the PUFs showed similar rates. At approximately 170 days, the starch rate approached that of the PUFs as the starch likely became depleted. From 435 days onward, the four rates were similar and their confidence intervals overlapped. The higher initial rate of the biopolyol PUF compared to the commercial PUF might indicate that the material provided additional substrate during this stage. The fact that the PUF rates eventually became similar to that of the soil means that the PUFs did not provide substantial amounts of viable substrate in addition to that which originates in the soil for the remainder of the experiment. Possible explanations for the higher initial rate of the biopolyol PUF might include the higher porosity of the PUF which could impact on aeration of the soil matrix, as well as the presence of excess reagents. Isocyanate is highly reactive with water and the reaction generates CO 2 . 74 The commercial PUF, however, appeared to contain more unreacted isocyanate, discussed below. The biopolyol PUF would also contain low amounts of unbound glycerol, acylglycerols and FAEE. Shogren et al. 75 also found high initial rates during vegetable oil-based polyurethane biodegradation assays in soil. The CO 2 production diminished quickly and they attributed this to the degradation of low molecular mass fractions while the bulk of the high molecular mass material was resistant. Their CO 2 production stabilized around 7.5% (of theoretical). Similar mineralization rates in compost of less than 10 wt% in 30 days for polyricinoleic acid-based polyurethane, 76 11.2 wt% over 320 days for crude glycerol-based polyurethane 25 in soil and about 2 mmol CO 2 evolution over 90 days from oxypropylated lignin polyurethane 24 in soil have been reported. The apparent theoretical mineralization for the biopolyol PUF after 615 days was 18.5 wt%.
SEM analysis. SEM micrographs of the biopolyol PUF (KL PUF) incubated in soil for various durations show that the materials do contain cracks, many broken cells, pores, fungal hyphae, bacteria and insects ( Figure 7) . The physical deterioration of the structure did, however, not increase substantially over time. One does not see signs of material damage usually associated with extensive microbial degradation such as colour changes, dense microbial growth and severe disintegration. [77] [78] [79] It is not expected that extensive microbial degradation of highly cross-linked bio-based PUF would necessarily occur in the given time frame. [80] [81] [82] If ester, urethane or urea bonds do deteriorate slowly over time due to hydrolysis or oxidation, it would lead to a loss in strength which would result in material breakage in weaker areas of the structure. 81, 83 The polyether polyol-based PUF was also incubated in soil without addition of Aspergillus to study biodegradation. The micrographs of the petroleum-derived PUFs are given in Online Supplemental Figure S3 . The materials show fewer broken cells and in general less breakage of the structure. This might be due to higher material strength and therefore higher resistance to biodegradation cannot be concluded from the SEM results.
FTIR analysis. FTIR spectroscopy is often used to study PUF degradation 22, 24 and was employed here to compare the possible change in structure of the PUFs during soil incubation. Figure 8(a) shows an overlay of the biopolyol PUF (KL PUF) spectra at different stages of the degradation experiment, (no Aspergillus addition). The broad band with maximum around 3308 cm À1 exhibited increased intensity during the first year, thereafter intensity remained relatively constant. This band is assigned mostly to N-H with some contribution from O-H stretching. 22, 24, 84 Broadening of the band and an upfield shift over time of the maximum towards 3400 cm À1 indicate an increase in non-hydrogen bonded N-H and O-H bonds. 22 Intensities lowered throughout the experiment at 2928 and 2855 cm À1 , assigned to C-H stretching. 29, 84 An isocyanate (NCO) band and a low intensity carbodiimide (NCN) band are present at 2280 and 2135 cm À1 , respectively. 85 The isocyanate intensity decreased over time. At 1597 cm À1 , the band intensity assigned to the MDI aromatic ring remained stable. 22, 86 Downfield of 1200 cm À1 intensity increased over the complete spectrum for the aged foam. Increases were less during the second and third year. Based on a comparison with spectra of the soil used for incubation, it is concluded that the increase was due to soil constituents trapped in the foam pores (Online Supplemental Figure S4 ). The same is concluded for the increases at around 3620 and 3694 cm À1 . Figure 8(b) shows an overlay of the biopolyol PUF FTIR spectra (KL PUF) before and after the degradation experiment with addition of Aspergillus. As in Figure 8(a) , the intensity of the band with maximum around 3316 cm À1 increased, shifted upfield and broadened slightly. Intensities at 2926 and 2853 cm À1 remained stable. The carbodiimide band intensity at 2137 cm À1 decreased compared to the isocyanate intensity at 2278 cm À1 . Carbodiimides can undergo further reaction with, for instance, isocyanates, 74 carboxylic acids or water. 87 The reactions with water and carboxylic acid generate anhydride acid and urea or an acetyl urea, respectively. Carbonyl (C¼O) bands between 1735 cm -1 and 1670 cm -1 remained stable. The MDI aromatic C¼C band intensity at 1595 cm À1 was stable. There was minimal change in intensity around 1539 cm
À1
in the broad band assigned to C-C stretch, C-N stretching as well as N-H bending. 88 This absorption band is affected by chain conformation and hydrogen bonding. The combined C-N and N-H vibration band intensity at 1314 cm -1 did not change. 22 At 1215 cm -1 , the band intensity was stable and assigned to C-N deformation and N-H stretching of urethane groups. 86, 89 There was an increase in intensity over the region between 1155 cm À1 and 933 cm À1 . Zhang et al. 64 found increases at 1172, 1037 and 916 cm -1 and attributed it to oxidation of ether bonds in soft segments of degraded liquefied wood-based PUF. The spectra resemble that of Figure 8 (a) in this region and the increases are concluded to have been caused by soil constituents, which would mask absorption by potential degradation products. Based on the limited change in the carbonyl and urethane group signals, degradation was very limited, but the mentioned changes in the N-H and O-H bands around 3316 cm -1 indicate chemical changes did occur to some extent. Chemical changes at the surface due to degradation was reported to also result in changes in hydrogen bonding, which also effect the FTIR spectra of polyurethane. 22 Similar changes in the spectra of Figure 8 Figure 8(c) shows an overlay of the polyether polyol PUF FTIR spectra before and after the degradation experiment. There was an intensity increase around 3300 cm À1 . Apparent around 1219 cm À1 is a decreased intensity which indicates changes occurred around the urethane bond. 90 Low intensity bands formed at 3619 and 3694 cm À1 , while at 1063, 1033, 1017 and around 914 cm À1 , bands increased significantly. Bands around 1067 cm À1 have been assigned to urethane or ether bonds. 24, 86 Urethane bond degradation is reported to yield amine and hydroxylcontaining products. 24, 91 These groups can absorb in the areas where increases were seen. 92 The urethane carbonyl band around 1712 cm À1 was, however, not significantly altered. Intensity decreased at 815 cm À1 in the band assigned to aromatic C-H of MDI, 22,84 but intensities did not decrease around 1600 and 1411 cm À1 , also assigned to MDI aromatic rings. As for the spectra discussed above, increases upfield of 3600 cm À1 and downfield of 1100 cm À1 are mostly attributed to trapped soil constituents.
Figure 8(d) shows an overlay of the polyester-polyether polyol PUF FTIR spectra before and after the degradation experiment with Aspergillus addition. At 3628 cm À1 , there was an increase in intensity. This was likely caused by soil constituents, but the band was also present in the original material and therefore could indicate formation of hydroxyl groups. The bands around 3305 and 2907 cm À1 remained stable. At 2278 cm À1 , the isocyanate band intensity reduced. 84, 85, 93 The isocyanate possibly underwent further reaction with water to form urea. 25 There were, however, no significant increases in the bands assigned to urea at 3315 cm À1 and 1540-1500 cm À1 . 44, 94 At 2139 cm À1 , the carbodiimide intensity appeared stable. Bands assigned to ester bonds 22, 25 around 1730 and 1225 cm À1 and ether bonds 24, 95 around 1072 cm À1 were not significantly affected. If ester, urethane or ether bonds were degraded to some extent, it could have yielded hydroxylcontaining compounds absorbing in the region around 3628 cm À1 . 22, 24, 92 To end this discussion, the most significant change found by FTIR was that three of the four PUFs showed limited changes in the N-H and O-H absorption band around 3300 cm À1 . In general, the PUF degraded to a very limited degree in the given period and Aspergillus cannot be concluded to have an enhancing effect on degradation.
Conclusions
The three biopolyols were each successfully employed to prepare rigid PUF ( Figure 9 ) as the sole polyol component. The bio-based contents of the PUFs were 44 wt% (KL), 55 wt% (OL) and 32 wt% (LS). These fell among the higher values reported previously, and were achieved through the use of only crude glycerol as a renewable liquefaction reagent. The foams were shown to compare well with other bio-based PUFs, as well as commercial products in terms of material and thermal properties. To lower the thermal conductivity further, the closed cell content should be improved, while the densities could be lowered to conform to the requirements of more applications. Open cell rigid foams are, however, currently employed to produce vacuum insulation panels. There is a significant difference in the material properties of PUFs prepared from the respective biopolyols, with the KL clearly yielding foams with superior qualities. These findings will hopefully aid designers of future biorefineries in terms of lignin and crude glycerol valorization strategies. Commercial polyol prices of €1100-1700 ton -1 are cited, and with the biopolyol starting reagents consisting of 90 wt% crude glycerol and 10 wt% lignin, there may be potential for biorefineries to profit. 96, 97 The polyurethane showed limited degradation during a 3-year period in soil to evaluate biodegradability. Further work in terms of eliminating the use of isocyanate is currently receiving attention and could be a means to incorporate building blocks more susceptible to biodegradation. of the University of the Free State (Qwaqwa campus) for recording DMA data and providing access to their thermal constant analyser.
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